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The presence of natural voids and cavities in subsurface karstic limestones causes severe problem for civil
engineering and environmental management. The presence of such features hinders the extension of
urbanizations particularly in the new metropolitan. The eastern part of Saudi Arabia contains various
types of karstic limestone, sinkholes, solution cavities and voids. In this context, geophysical methods
particularly electrical resistivity technique is used as a cost-effective solution for investigating subsurface
caves, voids, and shallow weathered zones. 2-D electrical resistivity data sets have been acquired along
seven proﬁles in the new urbanization at Al Hassa area. Data processing has been carried out taking into
consideration the response of synthetic models, which simulates physical models of the most common
karstic features in the area. The results are very useful to determine the extension of shallow weathered
zones and to locate different cavities underneath them. The hard limestone bedrock can also be detected
and traced along the surveyed proﬁles.
 2012, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The presence of natural voids and cavities in subsurface lime-
stone causes severe problems for civil engineering and environ-
mental management (Sum et al., 1996). The term subsurface cavity
is used to denote all subsurface features cavities, caves, caverns,
voids, karst, and sinkhole (Owen, 1983). The most abundant natural
cavities are formed by dissolution processes in carbonates (e.g.,
limestone and dolomite) and evaporates (e.g., salt, gypsum, and
anhydrite). Karst refers to a characteristic topographic feature that
is developed by dissolution made by downward percolatingge of Science, Geology and
51, Saudi Arabia. Tel.: þ966
y).
of Geosciences (Beijing).
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sity of Geosciences (Beijing) and Pmeteoric water (Benito et al., 1995). Sinkholes are common in the
karst areas. It is developed as a result of dissolution of limestones
through there action with acidic polluted water (Al-Zarah, 2007).
After a certain period, groundwater which, penetrated through
weak zones in limestone will develop channels and voids (Elawadi,
2003). This continuous process will reach a critical stage, where
roof of the space will no longer support the weight of the over-
burden and other foundations. This will result in the development
of sinkholes, which have negative and catastrophic effects on both
shallow and deep foundations. The presence of such cavernous
features leads to restrictions in land utilization and causes variable
geotechnical hazards like ground surface subsidence, collapsing of
surface structures and cracks and ﬁssures in the surface buildings
(Elawadi, 2003). Detection and delineation of subsurface cavities
remain a common task in many scientiﬁc and environmental ﬁelds
(van Schoor, 2002; Zhou et al., 2002; Abu-Shariah, 2009). Classical
commercial operations use drillings to locate cavities. A muchmore
effective and economic solution is to use of the geophysical survey
to reduce the overall amount of drilling and to improve the
placement of test borings for more efﬁcient target veriﬁcation and
mapping.
The eastern part of Saudi Arabia is covered by limestone as part
of the Shedgum Plateau. The Shedgum Plateau is covered byeking University. Production and hosting by Elsevier B.V. All rights reserved.
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Dammam, Hadrukh, Dam and Hofuf formations (Al-Zarah, 2007; El
Mahmoudi, 2010). The Shedgum Plateau and the adjacent areas and
cities like Hofuf, Al Hassah and Al Uyoun are dotted with numerous
karstic features, sinkholes, solution cavities and caves (Edgell,
1990a,b; Pint, 2003; Hussain et al., 2006). Due to increase in the
development activities along many areas of Saudi Arabia, including
the eastern province, many land subsidence and geotechnical
construction problems have been reported as a result of host
carbonates and evaporate rocks solution process (Edgell, 1990b).
When the carbonate rocks are wetted either during agricultural
activities, groundwater exploitation, and waste disposal or even
during rain storms, subsidence takes place due to either the
removal of salts from the rocks or the rearrangement of soil
particles in loess sediments (van Schoor, 2002).
Delineation of subsurface cavities and shallow weathered zone
using geophysical methods has gained wide interests in the past
few decades (Sum et al., 1996; Zhou et al., 2002; Abu-Shariah, 2009;
Vachiratienchai et al., 2010). Electrical Resistivity Tomography
(ERT) is one of the most frequently used geophysical techniques in
exploring the subsurface cavities and weathered zones. It offers
a quick and cost-effective imaging of the shallow subsurface with
acceptable resolution. Therefore, the main aim of this study is to
delineate the extent of weathered surface layers and the possibility
of cavities in the locality of Al Hassa area by applying a kind of non-
destructive surface ERT method. Moreover, the most stable andFigure 1. Location map of the study areahard limestone bedrock in the area is also detected for supporting
the surface engineering constructions.
2. Study area
The southern part of Al Hassa area is undergoing rapid devel-
opment activities in infrastructure and housing facilities (Fig. 1).
During primary construction process, few surface and subsurface
cavities have been reported at different locations and depths
(Fig. 2). Therefore, conducting the surface geophysical exploration
for the open and non-disturbed areas was highly recommended,
particularly along some accessible areas within the new metro-
politan. The main objective of survey was investigating the shallow
subsurface weak zones, subsurface cavities and sinkholes. Imaging
such subsurface hazards is very important for designing the
building foundation and for choosing the safe areas and roads.
3. Application of ERT
The 2-D electrical resistivity method has wide applications in
environmental, engineering and shallow subsurface investigations
(van Schoor, 2002). It is based on assumption that various entities
like minerals, solid bedrock, sediments, air and water ﬁlled struc-
tures have detectable electrical resistivity contrast relative to the
host medium (Pánek et al., 2010). In this study it was supposed that
considerable resistivity contrasts between hard limestone bedrock,in the eastern part of Saudi Arabia.
Figure 2. Examples of the subsurface cavities documented close to the study area, Al Hassa region, Saudi Arabia.
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detected.
The principle of ERT technique consists of the application of
constant direct current imposing into the ground via two current
electrodes and measuring the resulting voltage at two potential
electrodes. Themethod is based onmulti-electrode andmulti-cable
system. Each of the electrodes alternatively acts as current and
potential electrode. The whole proﬁle is measured without the
intervention of surveyors. The position of current and potential
electrodes during the measurement is dependent on the chosen
geometry of electrode arrays. Most frequently used arrays are the
dipoleedipole, Wenner and WennereSchlumberger arrays (Fig. 3).
Each electrode conﬁguration has speciﬁc advantages and disad-
vantages, based on the penetration depth and the horizontal
resolution. In this study, the WennereSchlumberger conﬁguration
has been utilized because it provides quite deep penetration, reli-
able stability and ability to detect both horizontal and vertical
subsurface features (Dahlin and Zhou, 2004; Candansayar, 2008).
The conﬁguration is based on ﬁxed spacing between potential
electrodes while, the spacing between current electrodes is loga-
rithmically increased for number of dipole lengths (Fig. 3). Then the
spacing between potential electrodes is increased in order to obtain
more deep penetration.
4. Data acquisition
The 2-D ERT data have been acquired along seven proﬁles in the
most probable cavity affected areas in the newly metropolitan
constructed site (Fig. 1) using multi-electrode system of SYSCALFigure 3. Most common electrode arrays including the utilized in the current study.
Explanation of indexes: C1, C2dcurrent electrodes; P1, P2dpotential electrodes; a and
naddistance between the electrodes.Pro. WennereSchlumberger electrode array has been utilized and
the unit electrode spacing was 2 m along all the acquired proﬁles.
To cover the proposed proﬁle length and maintain reasonable
subsurface lateral resolution, roll-along acquisition technique was
performed. The total proﬁle length was divided into segments. Each
of them has maximum length of about 128 m with 20e30 m
overlap. Then the concatenate option from RES2DINV (Loke and
Barker, 1996) inversion software has been set to compile different
segment together in one proﬁle. The data acquisition strategy
was (i) to select at least one proﬁle across or very close to
cavity feature (Fig. 2) aiming to obtain typical resistivity evidence,
and (ii) to situate additional possible proﬁles through sites with
similar morphological expression but unknown features. The entire
measurement was carried out along the possible proﬁles in the
study area after scattering some water to ensure a wet surface
condition, which is favored for getting good coupling between
electrodes and ground for signal quality.
Generally the data obtained during ERT ﬁeld measurements are
classically presented as apparent resistivity pseudo-sections, which
give an approximate picture of the subsurface resistivity. Before the
inversion process, to obtain a true model representing continuous
distribution of calculated electrical resistivity in the subsurface, the
datawere concatenated and the noise and spiky values were edited.
Then inversion procedure was utilized using RES2DINV software,
which is based on the regularized least-squares optimization
method (Sasaki, 1989; deGroot-Heldin and Constable, 1990; Loke
et al., 2003). The blocky optimization method was applied during
the data inversion as the expected subsurface targets have sharp
boundaries (Ellis and Oldenburg, 1994; Metwaly et al., 2008).
5. Results
The surveyed area is almost ﬂat. Therefore, the topographic
difference was not considered in any of the inverted proﬁles. After
adjusting the input data and choosing the optimum inversion
parameters, a few iterations were enough to get the inverted
resistivity models representing the subsurface distribution until
the depth of about 15.0 m from the ground surface. The obtained
information about the shallow subsurface along the resistivity
cross-sections was interpreted based on high and low resistivity
values, and its relation to the known features in the surveyed area.
Investigation of the inverted 2-D ERT proﬁles (Fig. 4) revealed the
following features:
(1) The shallow weathered limestone layer was detected with
relatively low resistivity values (less than 24 U m) at variable
depths based on the degree of weathering and/or the surface
irregularities of the underneath layer (Fig. 4). The low resis-
tivity values of the weathered layer referred to the wet
conditions from the surface construction activities.
Figure 4. Inverted 2-D resistivity sections along the accessible roads in the study area. (a) and (b) are the P1E and P1W of proﬁle P1, (c) is the proﬁle 3 and (d) is the proﬁle 4.
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Figure 5. 2-D resistivity model and the three inverted results using different noise percentages for the cavity and sinkhole in limestone rock. (a) The physical model, (b) model with 0% noise, (c) model with 10% noise, (d) model with
20% noise.
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M. Metwaly, F. AlFouzan / Geoscience Frontiers 4 (2013) 469e476474(2) The hard limestone bedrock can be investigated clearly with
variable surface topography. It has a higher resistivity values
(>60 U m), and extend almost to the end of the investigated
depths (Fig. 4).
(3) Along some places of the inverted resistivity cross-sections,
there are local low resistivity values extending from the
surface weathered layer to the inside of the hard limestone
bedrock (Fig. 4). It represents ideal shape for subsurface cavi-
ties and sinkholes. These features have no surface manifesta-
tions. However, many of these features have been reported
during the preliminary construction process.
(4) Along some proﬁles, it is possible to trace shallow weathered
zones inside the massive limestone layer. Such feature is also
characterized by low resistivity values (Fig. 4). It is considered
as a preliminary stage of formulating different cavity and/or
sinkhole in limestone.
In spite of clear interpretation of most of the karstic anomalous
resistivity features in the processed proﬁles, forward modeling for
the possible features that are traced in the inverted 2-D resistivity
proﬁles has been constructed. The main purpose of the last step is
to clarify ambiguities in the inverted resistivity proﬁles and toFigure 6. 2-D resistivity model and the three inverted results using different noise percenta
0% noise, (c) model with 10% noise, (d) model with 20% noise.conﬁrm the location, extension and shapes of the cavernous
features without boring or excavations.
6. Synthetic models
Based on the subsurface resistivity distribution and the conﬁg-
uration of the karstic features that can be traced in the 2-D inverted
proﬁles, synthetic models have been designed for conﬁrming the
interpretation of the inverted 2-D resistivity proﬁles. The forward
modeling has been designed using RES2DMOD software (Loke and
Barker, 1996) utilizing the ﬁnite difference calculations, which
divides the subsurface into number of rectangular blocks with
speciﬁc resistivity values (Dey and Morrison, 1979; Loke et al.,
2003). The ﬁrst synthetic model shown in Fig. 4d contains lime-
stone with the weathered zone at the surface and two main
subsurface features. One is a cavity and the other is considered as
a sinkhole. Simply themodel has two resistivity values. The shallow
weathered zone and the subsurface features have a resistivity
of 10 U m. The low resistivity values of the weathered zones
are assigned to the increase in moisture content as indicated by
the surface observations and processed resistivity data (Figs. 5a
and 6a). The host dry limestone is characterized by relatively highges for the weathering effects in limestone rock. (a) The physical model, (b) model with
Figure 7. 3-D view for inverted resistivity sections along the different proﬁles in the study area.
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syntheticmodel are similar with the ﬁrstmodel. However, there are
only two resistivity features in this model (Fig. 6a). The dry host
limestone (100 U m) contains the weathered subsurface layer
(10 U m), which extends to some distance into subsurface. More-
over, there is a small low resistivity feature (10 U m), representing
a small cave along the same horizon.
Firstly, the resistivity responses have been calculated using the
WennereSchlumberger electrode array without considering any
noise percentages. Then two different values of Gauss distributed
random noise with a standard deviation of 10% and 20% respec-
tively were added to the calculated responses for both models in
order to simulate the ﬁeld conditions. The synthetic apparent
resistivity data were then inverted using a block inversion scheme
and the same parameters are applied for inverting the acquired
resistivity data.
6.1. Inverted ERT of Model 1
The inverted section of the noise free data indicated the location
of the two subsurface features and the shallow weathered zone.
The boundaries of the cavities were determined, but the bottom of
the sinkhole is extended to the end of the investigated depth. These
features are close to that observed in Fig. 4d, which have almost the
same subsurface structures. With increasing the noise percentage
to about 10%, it is possible to locate the same features. However,
with 20% noise percentage, the two features are slightly shifted up
wards (Fig. 5).
6.2. Inverted ERT of Model 2
Similarly, the second model, which represents the subsurface
weathered zones, has clear inverted features in the case of noise
free data (Fig. 6b). The extended subsurface weathered zone is
characterized by relatively low resistivity values as compared to the
resistivity values of limestone. In addition, other small cavity can be
clearly detected at the same location and depth relative to the
original model. Such feature is comparable with the resistivityproﬁle in Fig. 4. By increasing the noise percentage to be 10% and
20%, it is possible to trace and locate the same subsurface features
with slight smearing due to noise effects (Fig. 6c and d).
7. Generalized fence diagram
In order to visualize the continuity of the shallow weathered
zone and the subsurface hazard features along the study area,
a generalized fence diagram has been prepared using the inverted
resistivity data sets along all proﬁles (Fig. 7). Powerful geostatistical
gridding (kriging) method of Geosoft software has been applied to
smoothly interpolate the resistivity data along these proﬁles. Linear
color scale has been used to visualize the limited resistivity range
(1e100). It is possible to identify the extension of the weathered
zone in subsurface (marked with number 3), which has an impor-
tant relation to the designed foundation depth. The second essen-
tial feature is the weathered zones underneath the hard limestone
(marked with number 2). It is very important to know the location
of those features because they have very little or no surface
manifestation. Moreover, the occurrence of subsurface cavities can
be traced along the surveyed lines at different places (marked with
number 1). Such features are extending to deeper depth, and have
little or no extension at the surface. The depth to the solid and
undisturbed limestone bedrock (marked with number 4) can be
traced clearly along all the surveyed lines.
8. Conclusions
The eastern part of the Saudi Arabia, which consists mainly of
limestone, has great developing activities. Investigating the thick-
ness of the shallow weathered zone and imaging the possibility of
subsurface cavities are essential process before the infra and surface
foundation construction. Surface cavities were reported from the
nearby sites. The ERT data sets were acquired along seven proﬁles
in Al Hassa region where new metropolitan is being constructed.
WennereSchlumberger electrode array was utilized using 2 m
electrode spacing. The inverted resistivity data represent the resis-
tivity distribution to maximum depth of about 15 m. The shallow
M. Metwaly, F. AlFouzan / Geoscience Frontiers 4 (2013) 469e476476weathered layer of the limestone was detected with relatively low
resistivity values at variable depths. Underneath the shallow
weathered zone there are two important features with low resis-
tivity values as well. The ﬁrst one is the subsurface cavities, which
extend from the shallow weathered zones into the solid limestone.
The second is the subsurface weathered zones that are formed due
to the weathering effects of surface and groundwater inside the
limestone. They are formed inside the solid limestone with rela-
tively high resistivity values. Moreover, hard limestone bedrock was
traced along themeasured proﬁleswith high resistivity values. Most
of these features were validated based on the modeling technique
and the inversion process to get similar features.Acknowledgment
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